A series of experimental investigations that focused on isolating the primary factors that control the behavior of unfrozen surface water during glaze ice accretion were conducted. Detailed microvidco observations were made of glaze ice accretions on 2.54 cm diam cylinders in a closed-loop refrigerated wind tunnel. Distinct zones of surface water behavior were observed; a smooth wet zone in the stagnation region with a uniform water film, a rough zone where surface tension effects caused coalescence of surface water into stationary beads, and a zone where surface water run back as rivulets. The location of the transition from the smooth to the-rough zone was found to migrate towards the stagnation point with time. Comparative tests were conducted to study the effect of the substrate thermal and roughness properties on ice accretion. The importance of surface water behavior was evaluated by the addition of a surface tension reducing agent to the icing tunnel water supply, which significantly altered the accreted glaze ice shape. Measurements were made to determine the contact angle behavior of water droplets on ice. A simple multizone modification to current glaze ice accretion models was proposed to include the observed surface roughness behavior. 
of a surface tension reducing agent to the icing tunnel water supply, which significantly altered the accreted glaze ice shape. Measurements were made to determine the contact angle behavior of water droplets on ice. A simple multizone modification to current glaze ice accretion models was proposed to include the observed surface roughness behavior. heat and the mass transfer will be discussed briefly in the context of ice accretion models to identify the importance of surface water behavior on the ice accretion process.
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Mass Transfer
The principal modes of liquid water mass transfer on an accreting ice surface are shown schematically in Fig. 1 
The double prime superscript is used to indicate that the quantity is defined per unit area of the icing surface. Liquid water may also enter the control volume through mass flow along the surface (Mi, in Fig. 1 ). Liquid water leaves the control volume through freezing at the ice water interface A;/_: r.... and surface flow out of the control volume A;/o, t. Some mass also leaves the control volume due to evaporation, but this is generally small in the icing problem and will be neglected in the following analysis.
The freezing mass flux -_/]:r_zc is determined by the ability to convect the latent heat resulting from the water ice phase transition away from the surface. This will be discussed more fully in the following section. In steady state, the mass flux into and out of a control volume with surface area A must balance
For rime icing conditions at cold temperatures, the convective heat transfer is sufficient to freeze all of the impinging mass flux. In this case. there is no surface flow, and Eq. (2) reduces to _/'i_p = _/_,.,
In glaze icing conditions, there is insufficient heat transfer to freeze all of the impinging mass flux. In this case, the surface flow terms in Eq. (2) have to be considered.
In current ice accretion models, all unfrozen water is assumed to run back out of the control volume, while unfrozen water from the next upstream element is assumed to flow into the control volume. • i!. , gest two potential scenarios for surface water flow in the presence of water beads. In one scenario, the water beads will grow until the increased heat transfer from the rough surface be. comes sufficient for the freezing mass flux to equal the impinging mass flux and any surface flow into the control volume. In this case, no water would leave the control volume, and Eq. (3) would reduce to
In the alternate scenario, the water beads would grow through coalescence and impingement until external dynamic pressure and shear forces caused the droplets to slide along or be torn from the surface. In this case, it is unlikely that the drop would move into the next control volume, and the assumption of surface flow continuity implicit in current mass balance models does not hold. This may explain experimental observations of reduced total ice accretion at temperatures near 0°C. 5 It should be noted that both scenarios described above may occur depending on the particular temperature and liquid water conditions.
It should also be noted that uniform water films were also observed in the NASA experiments, particularly near the stagnation region.
Heat Transfer
The thermodynamic analysis presented in this paper for an accreting ice surface follows the earlier work by Olsen et alJ and others, 6'7 and is commonly employed in current ice accretion models.L8 The principal modes of energy transfer associated with the icing surface are depicted schematically in Fig. 3 . Heat is added to the surface, primarily from the latent heat of 
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OF POOR QUALITY fusion released as the droplets freeze, but also from aerodynamic heating and, to an even smaller extent, from the kinetic energy of the droplets impacting the surface. I [eat is removed from the surface primarily by convection, and to a lesser degree by sublimation (when the surface is dry) or evaporation (when the surface is wet). In addition, heat is absorbed from the surface as the supercooled droplets impinge and warm to 0°C. The assumption of steady state requires that the rate at which energy is added to the control volume equals the rate at which it is removed, i.e., 0;'o= 0:;o,
where Q_ and 0_,t represent the energy added to and removed from the control volume per unit area per unit time. Equation (2) may be expanded into its component energy terms as
At steady state it is assumed that the ice surface achieves a locally uniform equilibrium temperature T,,rf. Conduction into the ice is assumed to be zero, and chordwise conduction between adjacent control volumes is neglected. With these assumptions, the component heat terms of Eqs. (6) and (7) may be written as _,,.,.dL:
Note that both of the primary heat dissipation terms _o,_ and Q:_,p contain the local convective heat-transfer coefficient h. Also note that the Q_,s term that dominates the heat flux into the control volume contains the freezing mass flux 3;/_,_. This implies that the local ice accretion rate is strongly coupled Fig. 4 Example ol contact angle hystert#is in a droplet on a vertical will to the local convective heat-transfer coefficient.
For wet surfaces, the ice accretion rate is essentially limited only by the capability to transfer the latent heat of the freezing water away from the surface. The microphysical behavior of water on an aircraft surface is controlled primarily by the relative strength of the surface tension, and by aerodynamic and body forces. Surface tension forces tend to minimize the surface area of the fluid, causing the water to coalesce into beads or rivulets. They also act to oppose motion of fluid along the surface.
Body forces such as gravity or centripetal acceleration act on the entire fluid bulk. Aerodynamic forces result from pressure gradients and shear stress at the water-air interface.
Contact Angle
An important parameter in surface fluid behavior is the contact angle 0. It is defined as the angle the fluid-vapor interface makes with an underlying substrate. The nominal contact angle is a property of the specific gas-liquid-solid combination, and may vary with temperature.
The wettability, or tendency of a fluid to spread on a particular surface, is inversely related to the contact angle 0. In general, for contact angle values of less than 10 deg, the surface is considered wettable. If the fluid is subject to an external force such as gravity, the contact angle may vary, depending on the direction of the force relative to the contact line. This hysteresis effect can be visualized in the schematic view of a drop sliding down a vertical surface, shown in Fig. 4 . On the lower surface of the drop the advancing line of contact causes an increase in the contact angle to its maximum allowable value 0_. Conversely, the receding edge of the drop remains at the lowest allowable value of the contact angle 0,. The contact angle hysteresis A0 is the difference between the advancing and receding contact angles:
The contact angle hysteresis A0 is a property of the specific gas-liquid-solid combination, and will tend to increase with surface roughness.
The resistance to motion of the liquid-solid line of contact can be related to the value of the nominal contact angle and its hysteresis. _ In general, increasing values of 0 and A0 imply increased resistance to motion.
Modes of Surface Water Behavior
Water on an aircraft surface tends to behave in one of three distinct modes depending on the water flow rate, aerodynamic forces, and the wettability of the surface. For high flow rates and wettable surfaces, the water will tend to coat the entire surface with a uniform film. For lower flow rates, or higher contact angles, there is insufficient water to coat the entire surface. Once drying begins, surface tension forces will tend to coalesce theavailable water intoeither rivulets or water beads.
Water beads are generally associated with low flow rates or unwettable surfaces such as wax. Equation (10) represents the overall force balance for a small stationary water bead. As long as the contact line force is greater than the sum of the aerodynamic and body forces, the bead will remain stationary.
The contact line force F_o,,,¢, is the total force resulting from the contact line resistance to motion described itl the preceding section. Both the contact line force and the aerodynamic force are roughly proportional to the beads surface area. whereas the body force is proportional to the bead volume. This implies that, as the bead size is increased, there will be maximum stationary bead volume for a given set of surface, flow, and gravitational conditions above which the bead will move. ble to obtain accurate contact angle measurements at temperatures above -4°C.
However, at the freezing point (0°C), ice and water are in equilibrium so that the ice surface must be perfectly wettable, implying that both 0 and A0 must be zero. These points are included in the contact angle and contact angle hysteresis plots. They are consistent with the experimentally observed values and allow interpolation between -4°C and 0°C.
Both the contact angle and hysteresis exhibit a strong nonlinear variation with temperature, particularly in the vicinity of the freezing point (0°C). These results imply that the wettabiiity of the ice surface decreases greatly as the ice surface cools below freezing.
For warm ice surfaces (near 0°C) water will tend to spread, and the ice-water contact line will have a low resistance to motion. For colder ice temperatures, water will tend to bead into droplets, which require a higher force to initiate fluid motion.
The strong contact angle temperature dependance indicates the potential importance of thermal gradients to the development of ice surface roughness.
Small variations in surface temperature can restrict the mobility of water. This effect is thought to be the cause of the stable nature of the surface water beads observed by Olsen and Walker 3"4 and shown in Fig. 2 . The dry ice surface around the beads can be cooled to temperatures well below 0°C by convective heat transfer. This cold dry surface, therefore, imposes a barrier to water flow away from the bead. Any impinging water that strikes the dry surface will quickly be frozen due to the low temperature. Any cloud droplets that strike the water will be trapped within the bead, while glaciation occurs at the lower surface of the bead. In this manner, the ice thickness can increase, while the bead is observed to remain stationary. The angular position of this boundary is plotted in Fig. 10 The ice was translucent, and quite often frozen rivulets could be discerned.
V. Experimental
In warm conditions and high liquid water contents, the surface water was observed to initially runback and then _tagnatc at the point of flow separation. This water then slowly froze as rivulets or as large coalesced water ceils. Once ice began to form in the upstream rough zone, no additional surface water was supplied to the runback zone, and the ice surface remained constant.
Vl.
Observations Fig. 8 , each half of the test article was viewed by a grazing angle microvideo camera (cameras A and C). A third camera (B) was mounted above and upstream of the article to simultaneously record the differences between the two cylinders. Two cylinders were used in the thermal comparison experiments: a copper tube with a 1/16-in. wall thickness to investigate fast thermal response, and a solid plexiglass rod to investigate slow thermal response.
To remove the possible influence of surface chemistry effects, each cylinder was covered with a single coat of acrylic paint.
For the roughness experiment, two cylinders were used. Both were manufactured from solid aluminum rods. One was extremely smooth with a polished finish obtained using '0000' emery paper. The rough cylinder had a repeatable surface pattern that was produced by knurling the cylinder on a lathe. The knurling process produces a pattern of trapezoidal surface elements. For the cylinder used in these experiments, the elements had a height of 0.8 mm, a width of I mm, and a length of 2.7 mm. Results Figure 12 shows a typical comparison of the final ice shapes obtained after 3 rain exposure for the copper tube and the plexiglass rod. This comparison was run at a temperature of -5.5-'C and a liquid water content of 0.95 g/m 3. Although there is not a great deal of difference between the final accretions, the glaze ice horns on the copper cylinder' were more sharply defined thL,a: on the plexiglass, which had a relatively flat front surface and was slightly thicker in the stagnation accretions in Fig. 13 . For the plexiglass cylinder, the smooth zone shrinks much more rapidly than for the copper. The ice surface on the plexiglass cylinder became uniformly rough after 45 s of" exposure.
Thermal Comparison
The enhanced roughness in the stagnation region, after this time, accounts for the thicker ice in the stagnation region and the relatively flat front ice surface observed in Fig. 12 . In general, the differences in ice accretion behavior due to substrate thermal properties were observed to be most significant during the initial phase of ice accretion.
As the accretion grows, the effect of initial conditions begins to wash out. After extended icing encounters, the accretion will tend toward a shape that is controlled by the environmental parameters and is independent of substrate properties.
Uniced Surface Roughness
A typical comparison of final ice profiles for the polished (smooth) and knurled (rough) cylinders is shown in Fig. 14. The ice horns on the knurled cylinder were broader and further off the stagnation line than the horns on the polished cylinder. This is thought to be due to enhanced heat transfer in the horn regions during the initial phase of the ice accretion.
A slight but repeatable asymmetry was observed in the polished ice growth. This is thought to be due to tile smooth surface on the polished cylinder, which allowed gravitational forces to influence the initial surface mass flux, resulting in a larger ice horn on the lower surface.
The zones of smooth and rough ice growth discussed in Sec.
V were observed in both the polished and knurled cases. Figure  15 plots However, further work is necessary to parametrically define the location of the smooth-rough transition. In addition, the factors that control the generation of roughness elements within the rough zone need to be investigated in the context of their impact on the local convective heat-transfer coefficient.
IX. Conclusions
The investigation of surface water behavior on an accreting glaze ice surface has shown the following: 1) Surfaces have been observed to have distinct zones of surface water behavior.
They include a smooth wet zone in the stagnation region where uniform film runback occurs, a rough zone where surface tension causes coalescence of the surface water into beads and no runback occurs, and a runback zone where surface water runs back as rivulets.
2) The location of the transition point between the smooth and rough zone was observed to propagate with time toward the stagnation point.
3) The freezing of the coalesced water beads in the rough zone generates a characteristic rough surface that enhances heat transfer. 
